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Proceedings: Third International Conference on Case Histories in Geotechnical Engineering, St. Louis, Missouri,
June 1-4, 1993, SOA 9

Man-Made Vibrations and Solutions
K. R. Massarsch
Geo Engineering AB, Bromm a, and, Royal Institute of Technology,
Stockholm, Sweden

SYNOPSIS: The generation and propagation of man-made vibrations in the ground is discussed. Emphasis is placed a simplified approach which is
used to assess the most important factors, such as wave attenuation, refraction focusing and vibration amplification as a result of resonance.
Practical guidelines are presented which can be used to predict vibrations and settlements in the ground. A semi-empirical relationship for the
assessment of permissible vibration levels for buildings is proposed. Finally, a new ground vibration isolation method, the gas cushion screen is
presented.

INTRODUCTION
During the past two decades, research in the area of soil dynamics has
mainly been directed towards the solution of problems related to
earthquakes and off-shore installations. Sophisticated computer
programs and advanced testing methods have been developed which
make it possible to analyse and predict the effect of complex ground
motions on different types of structures such as nuclear and hydroelectric power plants, high-rise buildings and off-shore structures.
Significant progress has also been made with respect to the
determination of dynamic soil properties in the field and in the
laboratory. This has led to improved quality of analytical results, the
accuracy of which is strongly dependent on the selection of appropriate
in-put parameters. It is thus surprising that few of the advances in the
area of earthquake engineering have been utilised to solve
"conventional" man-made vibration problems, caused by traffic,
construction activities or industries.

The present report does not attempt to give an extensive review of all
recent developments related to man-made vibrations. Rather, emphasis
is placed on the fundamental understanding of vibration problems. The
main factors which need to be considered for a comprehensive analysis
of ground vibration problems are discussed. The relative importance of
various factors is assessed, using relatively simple analytical tools. The
numerical results of this approach are not as exact as sophisticated
analytical procedures such as the Finite Element of Boundary Element
method. However, a simple model lends itself to a more critical study a
better understanding of important phenomena, which can be overlooked
in a complex analysis.
Vibration problems caused by man-mad activities can be divided into
several categories. However, they all are controlled by the following
common factors: 1) the dynamic characteristics of the vibration source,
2) the propagation of vibrations in the ground and 3) the effect of
ground vibrations on buildings, sensitive installations or human
perception, Fig. 1.

Man-made vibration problems can be divided into two categories. The
first category concerns small-amplitude vibrations, i. e. the effect on the
human environment or on sensitive instruments. Acceptable vibration
levels can be very low and may be chosen on a subjective basis. The
second category concerns vibration problems which can cause or
contribute to the damage of structures. These cases are not common
but can be of concern in densely populated areas and near vibration
sensitive structures, such as historic monuments or buildings on poor
foundations.
In spite of the fact that damage caused by man-made vibrations is rarely
spectacular, the direct and indirect cost to society can be substantial.
Unfortunately, the complexity of many vibration problems makes it
difficult to properly identifY the main cause of damage, which may be
:>vershadowed by a variety of other factors. Thus, vibration problems
:u-e many times decided in the courtroom on a non-technical basis or by
:u-bitration. Many interesting case histories with valuable practical
nformation can not be published because of legal restrictions.
Unexpected damage to structures caused by vibrations, as well as over:onservative restrictions concerning vibration threshold levels can have
>ignificant economical consequences.
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Fig. I. Main factors governing vibrations problems caused by man-made
activities.
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For the analysis of vibration problems it is necessary to consider the
combined effect of several factors:
•

the dynamic characteristics of the vibration source,

•

the interaction between the dynamically loaded foundation and the

between different types of vibration sources (transient loading, repeated
loading and steady-state vibrations).

soiVrock,
•

the propagation of surface and body waves in the ground,

•

the interaction between the ground and the affected structure, and

•

the response of the structure and elements of the structure to ground

excitation.
In addition, the effect of air-borne vibrations can contribute to the
excitation of a structure, which under unfavourable circumstances can
be as significant as vibrations transmitted through the ground.

VIBRATION SOURCE

The main sources of man-made vibrations are traffic (road and railway),
construction activities, vibrating machines from heavy industries and
construction activities (blasting, pile driving. soil compaction). Figure 2
shows typical frequency ranges and strain levels for different vibration
sources. covering a wide range. It is apparent that these large variations
of frequency and amplitude must be taken into consideration when
assessing vibration problems.

Eartllquekea Rellwe}'l

0,1

Bleating

Fig. 3. Approximate range of number of vibration cycles for different
vibration sources (time period: 30 years)
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~Ocean Waves

In some cases, the location of the vibration source may be easily
identified (industrial vibrations), while in other cases the vibration
source can move continuously (construction activities) or pass at high
speed (vehicle and train traffic). Complex vibrations can be generated by
heavy trains, passing at varying speeds and from different directions.
Extensive vibration measurements may be required to identify the
direction of a travelling wave field.
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The depth of the vibration source can also change, as is the case when
piles or sheet piles are driven. Blasting in tunnels can in some cases be
difficult to locate. In the following sections, vibrations caused by pile
driving will be discussed in detail, Massarsch (1992).

Industry~
ng
1,00E-02

PILE DRIVING- AN EXAMPLE

1,00E-04

Vibrations caused by pile driving are influenced by three main factors
which govern the dynamic characteristics of the vibration source: 1) the
pile hammer, 2) the pile and 3) the pile-soil interaction.

Strain,%
Fig. 2. Typical range of vibration amplitudes and frequencies for
different vibration sources

The hammer
Piles can either be driven by impact hammers or by vibratory hammers.
In the case of an impact hammer, the pile is subjected to separate blows
from a hammer, which is raised by a rope. compressed gas or air and
falls back by gravity. Impact hammers are not rigidly coMected to the
pile and the driving energy is transmitted through a hammer cushion,
positioned on the head of the pile or in the base of the hammer. A
significant part of the impact energy can be dissipated in compressing
the cushion blocks when driving on the head of the pile. At every blow
of the hammer, the inertia of the pile and the resistance of the soil must
be overcome.

The life time of conventional Cft8ineerin8 structures can be assumed to
be about 30 yean. Figure 3 present~ the estimated number of significant
vibration cycles (amplitudes larger than about O,S nun/s) for different
vibration sources. Since damage to structures depends on the number of
vibration cycles, this factor needs to be taken into cooaideration.
Although. the values proposed are only of a qualitative nature, they
convey the important message that a clear distinction needs to be made
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vibrating hammers function in a fundamentally different way than drop
umuners. A vibratory hammer consist of a static mass, which is
;onnected to the oscillating part by steel or plastic springs. The
lScillator can be driven by an electric motor or hydraulically. The
lscillating part of the vibratory hammer is rigidly attached to the head of
he pile and the pulsating force, which acts along the entire pile, forces it
o continuously move in the up-ward and down-ward direction. The
i:equency of the pulsating force can vary and ranges typically between
I0 and 50 Hz. Modern vibrators can be very powerful and permit the
:ontinuous variation of vibration frequency and amplitude.
rhe energy transfer from a vibrator to the pile is efficient as no energy
s lost in the connection between the oile and the vibrator. The nile is
(ept in an oscillating motion which minimises the bonding between the
lile and the soil.

Table 1 indicates that piles with approximately the same exterior
dimensions but of different materials have widely varying impedance
values. The impedance of a steel pipe pile is almost 10 times higher than
that of a wooden pile.
The energy transmitted from the pile to the soil depends mainly on the
type and efficiency of the hammer, the nature of the impulse (transient
or steady-state) and the impedance of the pile. The intensity of ground
vibrations is related to the energy imparted to the pile by the pile
hammer. In an interesting study of case histories related to vibration
problems due to pile driving, Heckman and Hagerty (1978) showed the
significance of pile impedance for the transmission of vibration energy
from the pile to the surrounding soil. In evaluating the effect of pile
driving, they used the semi-empirical relationship proposed by Attwell
and Farmer (1973) to estimate the ground vibration amplitude, v
v=K(W)0,5 I D

rhe pile
rhe energy delivered by the impact of the hammer generates timelependent stresses and displacements in the pile. The pile behaves as an
~astic bar in which the stresses travel longitudinally as waves. The
relocity of longitudinal wave propagation is constant for a given
naterial and can be calculate from
C= (E/g)1/2

where K is an empirical coefficient, W is the energy applied to the pile
head and D is the distance from the pile. Figure 4 shows the variation of
the K-Factor as a function of pile impedance. The findings of Heckman
and Hagerty are important as they show that at the same site and at the
same distance from a pile, a reduction of the pile impedance by 50%
(from 2000 to 500 kNs/m) can increase the ground vibration amplitude
by a factor of 5. It is thus apparent that the determination of pile
impedance is an important factor when assessing the transmission of
vibration energy from the pile to the surrounding soil.

(1)

vhere E is the modulus of elasticity of the pile material and g is the
.cceleration of gravity. The force P, transmitted across a section of the
•ile, is obtained from
P=pCA·v

(2)

1,6

vhere p is the density of the material, A is the cross-sectional area of the
1ile and vis the vibration velocity. The capability of the pile to transmit
ile longitudinal force is determined by its impedance I,

1,2

I=pCA

a:

~
u..

'he force exerted on the pile head must be at least so high that the
esistance of the soil acting along the shaft and the toe of the pile can be
'vercome. The impedance of the pile limits the force that can be
11I1Smitted by the pile, independent of the energy that is applied to the
ile head. The impedance can vary significantly and some typical values
lr different pile types are given in Table I.

Wood
Kiln dry
Southern pine
Concrete
10 inch(25,4 em)
20 inch(50 8 em)

0,8

0

0

(cm2)

IMPEDANCE
(kNs/m)

506
506

137
160

506
2027

421
1 680

108
100
222
40
59
344

446
434
959
166
257
316
1416

576

634

400

800

1200

1600

2000

PILE IMPEDANCE, kN s/m

~,~:~2.~
~ . ~~~~·3~::::::::::!'4==~
·!

IS

PILE TYPES

77

Fig. 4. Influence of pile impedance on the ground vibration velocity,
after Heckman and Hagerty (1978).

Pile-Soil Interaction
The capacity of a pile at a given depth in the ground depends on the
force that can be exerted to achieve the downward movement. Enough
force must be transmitted to the pile head to overcome the shaft and toe
resistance. Part of the energy, transmitted through the pile is transferred
to the soil along the pile shaft and part to the toe. The displacement of

St~l-~Qn~e Pip~

103/4 X 0,279

3 H-Piles
4 Pipe Pile (Mandrel)
SConcrete Piles

0,4

~

HP lOx 57
HP 12x 53
HP14xll7
Pipe 103/4 x 0, 188
Pipe 103/4 x 0,279
Pipe 103/4 x 0,365
Pipe 10314 x 0 188 (mandrel driven)

1 Pipe Piles
2 Sheet Piles

~

able 1. Impedance of different pile types (after Peck et al., 1974)
MATERIAL

•

g

(3)

AREA

(4)
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Wave Attenuation
Elastic waves, which are generated by a vibration source, attenuate as
they propagate through the soil. Wave attenuation is caused by two
different effects: 1) enlargement of the wave front as the distance form
the source increases (geometric damping), and 2) internal damping of
the wave energy by the soil. The attenuation of waves in the soil due to
geometric damping can be described by the following general
relationship

the soil by the penetrating pile generates both plastic and elastic
deformations. Beyond a short distance from the pile (about one pile
radius), most of the energy is propagated in the form of elastic waves.
These elastic waves comprise body waves, which radiate energy in all
directions in the ground, and stuface waves, which transmit the energy
along a zone close to the ground surface. Two types of body wave can
occur, compression (P-) and shear (S-) waves. These waves propagate
at different velocities, depending on the soil properties. The surface (R-)
wave propagates close to the ground surface at a speed slightly slower
than the shear wave. Another wave type, the Love (L-) wave can occur
at the interface of two soil layers, and has a large transverse amplitude
component. Figure 5 shows a schematic representation of the wave
mechanism, created in the ground by the impact at the head of a pile
Martin (1980).
'

Interaction between
body waves and ground
surface produces main
surface motion

wave
in pile

\

(5)

where At and A2 are the vibration amplitudes at distances Rt and R2,
respectively. The exponent depends on the wave type as follows:

Impact at
pile head

I

Exponent n
1,0
2,0
0,5

Wave type
P- and S-waves
P- and S-waves at surface
R-waves

As waves pass through the soil, part of the energy is consumed by
fiiction and cohesion and this reduction of the vibration amplitude is
called material damping. Although the process of material damping is
only partially understood, it is possible to include this effect in the
relationship, Eq. (5).

Friction-induced

/- oon!aUr

Energy transfer
through toe

(6)

T

The coefficient a. is called coefficient of attenuation and reflects the
damping properties of the soil. The relationship ~f Eq. (6) is sh?wn in
Fig. 6 for the case of Rayleigh waves (n = 0,5) With a reference dtstance
Rt =10m.

Spherically
expanding
shear wave

Coefficient of attenuation (1/m)

---o

Wave reflection
i?C"from subsurface

layer

--a-- 0,005 - - - 0,01

- - 0,05

(-

--0,07

---¢--

0,03

---0,10

Direction of particle motion

10,00

1,00

1

Fig. 5. Schematic representation of wave field in the ground, generated
by vertical impact on a pile, after Martin {1980)

"N
'\:

It can be concluded from Figure 5 that, although the loading force is
generally in the vertical direction during impact pile driving, the
maximum ground vibrations can contain horizontal and vertical
components of motion. The location of the origin of energy trartsfer
from the pile to the soil depends strongly on the soil layers through
which the pile is driven. In a dense, homogeneous sand deposit, a large
part of the driving energy can be transferred along the pile shaft,
generating friction-induced conical waves. In the case of a stiff layer at
the toe of the pile, two types of wave fields may be created, one
originating from the toe of the pile and another one induced by the
bending (flexing) of the pile.
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WAVE PROPAGATION IN THE GROUND
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The main factors which influence the propagation of vibrations in the
ground are I) wave attenuation, 2) vibration focusing and 3) resonance.
These phenomena are complex and can thus be discussed only in a
simplified way.
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Fig. 6. Attenuation of R-wave amplitude as a function of normalised
distance {RJ = 10m) and coefficient of attenuation, a.
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.1aterial damping has a strong influence on the attenuation of ground
ibrations. For instance, at a distance of 50 m from the vibration source,
ne vibration amplitude is at least 10 times higher when soil damping is
10t considered than when a coefficient of attenuation of 0, 10 is
ssumed.

TABLE 2. Approximate values of the coefficient of wave attenuation a
(m-1) for saturated soils and typical ranges of vibration
frequency
SOIL TYPE

is apparent that the assessment of the coefficient a is of great
nportance for a reliable prediction of wave attenuation. In spite of this,
ttle relevant information is available in the literature (Richart et al.,
970, Massarsch, 1983). The coefficient of attenuation a, varies with
oil type and vibration frequency according to following approximate
elationship (after Haupt, 1986),
t

a = (21t D f) I C

ne coefficient of attenuation decreases with increasing wave velocity
1d with decreasing vibration frequency. While the frequency of
bration is often measured in the field, the significance of the wave
:opagation velocity of the subsoil is often neglected.

l

...

E

\

z

z~

~
....:

1\ 1\

0,10

\

Coeff. of
Attenuation

(mls)

.(_15Hz)

{30Hz)

75
100
150
200
300
400

0,09
0,05
0,03
0,02
0 02
O,oi

0 13
0,09
0 06
0,05
0 03
0,02

Vibration Focusing
The propagation of body waves and surface waves in the ground is also
strongly influenced by soil layering and the location of the ground water
table. Reflection and refraction of body waves can occur at changes of
wave propagation velocity. These effects are well-documented by case
histories in the literature but rarely taken into consideration in practice.
Bodare (1981) pointed out the importance of wave focusing by
refraction which can be caused by a gradual increase of wave
propagation velocity with depth. This results in a focusing effect at the
ground surface at some distance from the wave source, where the effect
of surface wave propagation is superimposed by the emergence of
refracted body waves, Fig. 8.

II

IL

1\

I

Coetr. of
Attenuation

(7)

rhere D is material damping, f the vibration frequency and C the wave
ropagation velocity. This relationship is shown in Figure 7 for a
taterial damping value of 5 %, which is typical for the elastic range of
oil deformations.

0,20
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Fig. 8. illustration of focusing effect caused by wave refraction.
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0,00
0

100

200

300

The refraction focusing problem can be studied analytically, Bodare
(1981). If it is assumed that the wave propagation velocity C has a
minimum value C0 at the ground surface and increases with depth z
according to the following function

400

WAVE VELOCITY, m/s
ig. 7 Variation of the coefficient of attenuation a (m-1) as a function of
•ave velocity and frequency

C =C0 cosh (1t z/:xo)

then theoretically, wave focusing by refraction occurs at a distance Xo
from the wave source. This relationship between wave propagation
velocity, depth and focusing distance can be used to determine critical
zones surrounding a vibration source. Figure 9 shows the increase of
wave propagation velocity C with depth z at which refraction focusing
can occur at a distance of:xo= ISm from the vibration source. Different
values of wave velocities at the ground surface C0 have been assumed.
It is apparent that the assumed variation of wave propagation velocities
is quite realistic and that the effect of refraction focusing should be
taken into consideration.

'able 2 summarises typical values of the attenuation coefficient a for
ifferent soil types and frequencies. These values are only approximate
nd should be verified by field measurements. However, they do agree
rell with values reported elsewhere (Barkan, 1962, Richart et al. 1970,
nd Haupt, 1986)
. variety of field and laboratory methods can be used to the determine
•ave propagation velocities. Also, empirical relationships are often
l:fficient for preliminary analyses. It should be noted that for most
ractical purposes the propagation velocity of R- and L waves can be
1sumed to be equal to the S-wave velocity.
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TofTA

Refraction focusing can be illustrated by the following practical
example, assuming a soil deposit with the following values of wave
velocity, Table 3. This variation of wave propagation velocity with
depth is quite common for many naturally deposited soils.

»rTTTn----r~~-rTT~~~~~--

10
TABLE 3. Assumed variation of wave propagation velocity with depth,
focusing at Xo = 15 m distance

SoU Type

Depth, z
(m)

Clay
Sand
Till
Rock

0-5
7- 12
12- 14 5
> 17

Wave Velocity
lm/s)
50- 100
100-300
300 - 500
> 800

0.1

Resonance Effects
Waves, which propagate through soil layers, can be amplified as a result
of soil resonance. This phenomenon occurs when the dominant
frequency of the propagating wave coincides :with the natural rrequency
of one or several soil layers. The relationship between the natural
frequency fn of an elastic, homogeneous soil layer with thickness H,
resting on a rigid base can be estimated according to Roesset ( 1977)

Fig. 10. Determination of resonance period (T
with several lavers

- - - 50 ~ 15 - - 25 --o-- 35

0

0

- - - 45 --o-- 55 - - 65

0

0

= 1/t) of a

soil deposit

As a first step, the resonance periods of the respective soil layers are
determined according to Eq. (9). Then, starting from the ground
surface, the dominant period of two layers, T 0 can be estimated from
Fig. 10. The resonance period of a multi-layered deposit can be
estimated by this iterative process, starting with the top layer and
gradually correcting for the effect of the underlying layers. Obviously,
soil stratification has a significant influence on the dynamic response of
soil deposits subjected to vibration excitation. Experience gained from a
variety of vibration problems suggests that resonance effects can occur
already after a few loading cycles, as from impact pile driving. Bodare
and Erlingson (1993) describe a case history where resonance effects
have led to excessive ground vibrations and amplification effects in a
large concrete structure.

Wave Velocity at Surface Co, m/s
0

1,0

0

Resonance can also occur during the starting-up of vibratory hammers,
Fig. 11 . When vibrators are operated at a frequency, which corresponds
to the resonance frequency of a soil deposit or of a structure in the
vicinity, significant vibration amplification can occur. This resonance
effect is used by the MRC system to achieve improved soil compaction,
Massarsch (1991) .

...
II

fw ••
,.
0,00

5,00

10,00

15,00

~ •
~

...

20,00

Depth, m

~> •••
a:l

Fig. 9. Variation of wave propagation velocity with depth, resulting in
refraction focusing at a distance of 15 m from the wave source
fn = (2n-l)C/(4H)

-II

•••

(9)

TIME,eec

where C is the compression or shear wave velocity and n represents the
number of frequency modes. The resonance frequency of a soil deposit,
which is composed of several soil layers with the respective thickness H
and density p can be approximated according to Dobri eta! (1976) from
Fig. 10.

F~g. 11 . Resonance of a soil layer during the starting-up of a vibratory

pile hammer
1398
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The dynamic characterilltica (frequency and amplia,do) of modem
vibrators can be varied IDd monitored continuously with elictronic
proceu control systems, Maasarach I,Dd Heppel (1991). Soil or buildins
responae can be measured by vibration sensors, which are placed on the
ground surface or on vibration-sensitive structures. The frequency and
amplitude of the vibrator can then be controlled by a computerised
system to avoid excessive vibrations, still obtaining optimal driving
performance. Figure 12 shows a fWly automated, electronic vibrator
monitoring system (MPC system), which records and analyses
simultaneously the performance of the vibrator and the dynamic
responae of the ground.

1igure 13 shows a print-out by the MPC field computer, wbic:h was
lbtained on site during installation and extraction of a steel pile. The left
1111 of the diagram displays u a ftmccioo of time (in the vertical
lirection) 1) the penetration depth of the pile, 2) the bydrlulic pressure
IDd the 3) operating frequency of the vibntor{thick tine). On the right
lido of the diagram, 4) the peoetaation speed (dotted tine) and the S)
vibration velocity of the ground (thick line) are recorded.

Fag. 12. Electronic vibrator and ground rosponae control system (MPC
System)

After 2 minutes of pile drivins (at a depth of 7 m), tho pile wu
withdrawn, illuatratina the cliaage in ground· rosponae. Although ·the
vibration amplitude remains unclwlgecl (at 16 Hz), ground vibrations
dec:roue clurins extnction by about SO %.

:ontinuous recording of vibrator perfonnance IDd ground respon1e
M'OVidea valulble iDformation concerniDa the eftidency of the pile
triviJig proceu. The two thiclt lines in J1ia. (3 show the variation of

A simplified concept can be uiOd to iJJuatnto pile inatallation by a
vibratory hammer with variable frequency. At a very bigh frequency
(e.s . the resonance ftequency of the pile), a Jarp part of the vibration
energy is used to overcome 10il resistance. The pile penetrates rapidly
and gtound vibrations are relatively low, u the vibration energy ia
COiliWilOd at the pile • IOil int«face. When the vibrator frequency is
SfllduaJJy lowered aod lppi'OICbea the resooauce &equency of the soil

ll"brator frequency (left) IDd pound vibratioo velocity (ri&ht). During
he initial pbue of pile driviu& the vibrator is operated at a higher
iequeDcy (24 Hz). The penetntion rate of the pile is relatively high
:dotted line to the right) IIICl the ground vibration inlensity is low (thick
ine to the ri&ht). After about 1,S min the vibrator frequency was
'educed ftom 23 to 16Hz. The p&IDbatioll J'lte oftbe pile alowed down
lipificantly mel ground vibnldoallncnuod (almolt by a ftlctor of 3).
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layer, pile penetration slows dawn and ground vibrations increase. At
soil resonance, the pile oscillates with the surrounding soil and the loss
ofvibration energy between the pile and the soil is small. As most of the
vibration energy radiates into the surrounding soil, strong ground
vibrations are observed.

DAMAGE TO BUILDINGS

Damage to structures from ground vibrations is usually attributed t
"dynamic effects", such as vibration amplification and resonance effec1
in structures. Existing codes and regulations are generally empirical an
based on observations of damaged structures. The results of sue
investigations are strongly affected by the local soil conditions and th~
criteria are therefore difficult to apply elsewhere.

From this simplified model it can be concluded that for efficient pile
installation. the vibrator should operate at a high frequency, while soil
compaction is best achieved at a low frequency, which corresponds to
the resonance frequency of the soil.

It can be shown both theoretically and by a review of the relev11
literature that ground distortion caused by "pseudo-static" groUJI
movements (resulting from the passage of waves below a building) is a

SE'ITLEMENTS
Ground . vibrations can also cause permanent deformations in the
ground. When piles are installed in loose granular soils, settlements can
occur even at relatively low vibration levels. Water-saturated loose soils
liquefy initially as a result of excess pore water pressure. It is generally
accepted that ground acceleration is the most relevant parameter to
assess the risk of settlement!! in the ground. The degree of ground
settlements depends also on the initial density of the soil. Brurnund and
Leonarda (1972) have suggested that the parameter that governs the
ultimate residual settlements of a vibratory footing resting on the surface
of a granular soil deposit is the steady-state transmitted energy.
Subsidence is due partly to densification and partly to irrecoverable
shear strains and densification is more likely related to the logarithm of
transmitted energy (rather than directly proportional to it).

important factor which controls building damage, Massarsch and Bron
(1991). Figure 15 illustrates the effect of wave propagation below
building, subjected to surface waves of different wave length. Fro1
figure 15 can be concluded that the most critical situation arises whc
the building length corresponds to about halve the length of tl
propagating wave. The wave length L can be estimated from tl
following relationship
( 11
where C is the wave propagation velocity and f the dominant frequen
of the propagating wave. Vibration frequencies on the order of 10 - :
Hz from waves propagating in soft soils have wave lengths on the ord
of 5-20 m. These values are just within the critical range of maJ
residential buildings.

Settlements (as percentage of soil layer thickness) can range between
10'/o in very loose sand and silt to 1% in dense sand and gravel. Figure
14 shows an empirical relationship for estimating ground settlements,
observed during vibratory compaction. The density of the soil is
expressed in terms of initial cone penetration resistance. These
settlement values should give a conservative settlement estimate.
As the vibration amplitude is usually highest close to the ground surface,
settlements will be largest in the upper soil layers, where also the
confining stress is low. In manv cases, large differential settlements have
been observed when part of a building was founded in an excavation and
part on the uncompacted fill, removed from the excavation. This uneven
foundation situation can lead to relatively large differential settlements
below light-weight buildings, even at very low vibration levels (on the
order of l-2 nun/s).

0

0

o.os

Fig. 15
building
0,10

Influence of wave length on ground distortion below

0,15

GROUND ACCELERATION, g
While during static ground deformations. the soil is either distorted b

Fig. 14 Settlements caused by vibratory pile driving and vibratory soil
compaction
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gradual sagging or hogging motion. a large number of upward an

downward oscillations can occur during the passage of waves travellin
below a building, cf. Fig. 3.
1400

assarsch and Brorns ( 1991) have, based on a review of existing
bration codes in different countries, suggested that damage to
1ildings caused by "pseudo-static" ground distortions occur at a critical
:flection ratio diL = 1,5·10-5. A simple relationship for the estimation
'a critical vibration velocity, v was obtained
v = 4,7·I0-5 ·C

(11)

here v is the vertical component of ground vibration velocity and C is
e wave propagation velocity in the soil below the structure. This
:lationship is strictly valid only for the case when the building length
>rresponds to half the wave length, i. e. for wave propagation in soft
>ils.
. general solution of the ground distortion problem was proposed by
lassarsch and Bodare (1993), which is applicable over a wide range of
tbration frequencies and wave propagation velocities. Thus, also the
~owable vibration velocity for long wave lengths can be analysed. The
eneral solution shows that the ground vibration velocity v depends on
te wave propagation velocity C and the two non-dimensional numbers:
round distortion (d/L) and relative building length (BIL),c.f. Fig. 16:
v = 2· ll · C· (d!B ) · (BIL) I (cos(IIBIL))

The most effective measure is usually to change the conditions at the
source of vibrations (active vibration isolation), e.g. by limiting the
speed of vehicles, by modifying the operating frequency of machines or
by improving the dynamic response of the foundation of vibrating
machines. However, active vibration isolation is not always possible.
Another effective and often cheap measure at the planning stage of a
project is to increase the distance between the vibration source and the
affected structure, cf. Fig. 6.
Vibrations can also be reduced by isolation barriers in the ground
(passive vibration isolation). The concept of wave barriers is based on
reflection, scattering and diffiaction of wave energy. Different types of
isolation barriers have been used, such as open or slurry-filled trenches,
sheet piles and concrete walls (Barkan, 1962, Woods, 1968, Richart et
al, 1970 and Haupt 1980). The isolation effect of a wave barrier
depends on the impedance I,
I=C ·p

where p is the density of the isolation material and C the wave velocity.
The energy reflection ratio Rn is a function of the differences of
impedance

(12)

is relationship is shown graphically in Figure 16 for soft soils and in
IW'e 17 for dense soils and rock.

TABLE 5. Vibration isolation effect, Rn for wave barriers with different
impedance ratios, I2 I I 1

lmoedance Ratio, b I l1
1,0
05
0 10
0,05
0 01

I.BLE 4. Correction factors which take into account the type of
vibration source, building type and degree of damage
A1
10
06
03

BuUdina Cateaorv
Verv sensitive structures historic monuments
Vibration-sensitive buildings (with masonry
walls and plaster). conventional foundations
Buildings with good foundations, concrete
walls, structures not vibration sensitive
Steel or reinforced concrete structures,
industrial orenlises

A.,
05
1,0

Dearee of Damaae
Negligible
Slight
Moderate
Severe

A'1.
07
10
20
40

Reflection Ratio, R..
000
011
067
0 81
0 96

From this relationship it is apparent that a large impedance change
between the wave barrier and the soil is required in order to achieve
significant isolation. An open trench (with an impedance close to zero)
is more effective than a stiff barrier.
Massarsch ( 1986, 1991) described an new type of ground vibration
isolation screen, the "gas cushion method" . The objective is to create a
permanent vertical barrier with low impedance. This is achieved by
installing a continuous wall of flexible, gas:inflated cushions. The gas
cushion screen consist of horizontally placed flexible tubes,
manufactured of a thin-walled plastic laminate. The composition of the
laminate assures complete gas tightness and high mechanical as well as
chemical resistance (de Cock and Legrand, 1990). The inflation pressure
of the gas cushions can be chosen with respect to the depth of
installation and is .tways lower than the ambient ground pressure after
installation. Thus, after a slight compression of the cushions, a pressure
equilibrium will be achieved between the external earth pressure and the
internal gas pressure in the cushions, reducing diffilsion rates to very
low values.

1,5
2,5

ROUND VIBRATION ISOLATION
lll'ee different methods can be used to reduce ground vibrations: 1)
atrictions on the source of vibration, 2) screening of wave propagation
the ground or 3) changes of the dynamic pn~perties of the structure.
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(14)

where I 1 is the impedance of the soil and 12 is the impedance of the
wave barrier. The isolation effect (Rn) of a barrier can be estimated
from Table 5.

te above relationship can be applied to transient loading and must be
1rr~ed for the cue of repeated or stationary loading by a factor A 1.
npmcal factors have also been proposed to take into account the
1ilding category (A2) and the degree of acceptable damage A( 3),
assarsch and Broms (1991).

Vibration source
Impulse
Repeated
Stationarv

(13)

1401

BUILDING WIDTH 15 m
Frequency In Hertz

---s

- o - 7.5

----- 15

---l:r---

- x - 25

-:~:-

___...__ 10

----<>-- 12.5

1

17.5

- - - 20

- - o - 22.5

I

27,5

- - + - 30

- - - Massarsch & Broms

~----------------------------------------J
80

-+--~
~~--

_____.

v____......-

0

50

100

150

~

~

--

---=:: ).--

250

200

----------~

~

_______. ~______. ~ (_--__:::: ~--~
....--'

~

v--

.......

300

350

450

400

500

WAVE VELOCITY, mla
Fig. 16 Critical vibration velocity for typical wave propagation velocities and vibration frequencies in soft soils
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and vibration hquencies in stift' soiiJ and rock
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The gas cushions are installed in a sluny-fiUed trench, Fig. 18. After
installation of the screen in the trench, the bentonite sluny is replaced by
a self-hardening cement/bentonite grout, similar to ground water cut-off
barriers. The plastic cement-bentonite cake forms a flexible, water-tight
layer on either side of the gas cushions, providing an additional gas-tight
layer on either side. After instaUation, the surfac:e of the trench above
the gas cushion screen must be properly protected by a layer of
styrofOam (for temperature isolation of the. cushions) and by a surface
cover.

Fig. 19. 1nstallation of the gas cushion screen adjacent to a railway track
in Dosseldorf, Germany

Fig. 18. Installation of the gas cushion screen by the sluny trench
method
The gas cushion screen was used successfWly on several projects in
Sweden, Belgium and Germany, Massarsch and Erson (1985),
Massarsch and Corten (1988), de Cock and Legrand (1992). Figure 19
shows the instaUation of the gas cushion screen at Doueldorf, Germany,
where ground vibrations from a high-speed railway line caused
excessive vibrations in a two-story residential building.
The vibration isolation effect of the gas cushion screen is approximately
the same u that of open trenches, de Cock and Legrand (1991, 1992).
If the screen extends at least to a depth corresponding to one wave
length, then an isolation effect in excess of SO - 8(11.4 of the ground
vibration velocity before screening can be expected. It should be pointed
out that the geometrlcaliJTI.II8ement of the iaolation screen is of great
practical importance, especially in the case of railway traffic, where the
propagating wave field of a passing train can be complex.

Fig. 20. Preparation of surface cover after installation ofthe gas cushion
screen at Dosseldorf, Germany

CONCLUSIONS

In the present paper an attempt has been made to describe the process
~f energy transfer froJ_D the vibration source to the surrounding soU. An
lDlpo~ as~, .which has not been taken into consideration in the
past. ts the vtb~on amplification effect which is caused by the low
lDlpedance of piles.

The gas cushion screen has the advantage compared to open trencbes
that after installation, tho screen is no longer visible, Fig. 20.
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The transfer of vibration energy from a pile to the soil depends on the
type of dynamic excitation. In the case of impact loading, the pile is
subjected to transient pulses, while during vibratory driving, the pile is
kept in a continuous motion, which influences the pattern of energy
dissipation at the pile - soil interface.
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